F . M. H U L E T T A N D O T H E R S
We report here the purification of the secreted APase, and the isolation by anti-APase immunoprecipitation of an inactive cytosol protein which has a molecular mass 3000 Da larger than the subunit molecular mass of the secreted APase and which may be an inactive precursor to the secreted APase.
M E T H O D S
Organism and growth conditions. The organism used was a facultative thermophile, Bacillus lichenformis MC 14 (Hulett & Campbell, 1971 a) . Growth media, inoculation and culture growth in a defined minimal salts (DMCo2+) medium were as described before Spencer et al., 1981) . In labelling experiments, [35S]methionine (10 pCi ml-l ; 370 kBq ml-l) and CoC12 (0.1 mM) were added when the APase activity reached 0.2 units ml-l, unless otherwise stated.
Assays. APase was assayed as described by Hulett & Campbell (1971 a) . One unit of APase is defined as the amount of enzyme which liberates 1 pmol4-nitrophenol min-l under the defined conditions. Slab gel electrophoresis. Slab gels (7.5%, w/v, acrylamide) [Weber & Osborn, 1969 (see Fig. 5) or Laemmli, 1970 (see Figs 2, 3 and 6) ] were subjected to electrophoresis for 3 h at 20mA per slab.
Fluorography techniques. The slab gels were prepared for fluorographic detection of 35S-labelled proteins by the method of Bonner & Laskey (1974) and dried under vacuum with mild heat on Whatman no. 1 filter paper. When quantification of the label was determined by soft laser scanning densitometry, the films were preflashed by the method of Laskey & Mills (1975) . XR-1 or X-AR-5 X-ray film (Kodak) was exposed to the dried gel at -70 "C.
Purification of secreted APase. A 6 1 culture (DM medium) of B. lichenformis was grown in a New Brunswick fermenter to an ODS4,, of approximately 1.4. CoC1, was added to a final concentration of 0.1 mM. When the enzyme activity reached 7 to 8 units ml-', the culture was pumped through copper tubing submerged in ice to cool rapidly the entire volume. Cells were separated from the medium (0.5 pm filter) and the medium was concentrated (I0000 M , filter) to 300 ml with a pelicon cassette concentrating system.
For batch adsorption of APase to CM-Sephadex C25 (Pharmacia), CM-Sephadex (0.25 mg per ml concentrated medium) was added directly to the concentrated medium sample and the sample was stirred gently at 4 "C for 1.5 h. The beads were separated from the filtrate in a Buchner funnel containing Whatman no. 1 filter paper, suspended in 100 ml 0.01 M-Tris/acetate buffer (pH 7.3) containing 0.1 m~-C o C l~ (buffer I), and poured into a 2.5 x 30 cm column. The column was washed with 100 ml buffer I and the bound protein eluted with buffer I containing 1 M-MgSO,. The fractions (2 ml each) contained peak APase activity were pooled and dialysed for 16 h against 2 1 buffer I. The dialysed sample was made 0-05 M with respect to Mg2+ and applied to a 0.7 x 10 cm CMSephadex C50 column equilibrated in buffer I containing 0.05 M-Mg2+. The column was washed in 15 ml buffer I containing 0-05 M-Mg2+ and eluted with a 0.05 M (15 ml) to 0.5 M (15 ml) Mg2+ gradient in buffer I.
Fractions of 0.5 ml were collected. Fractions containing peak APase activity were pooled and dialysed against 21 buffer I.
Antibody production by APase from SDS-polyacrylamide gel slices. Homogenized gel slices (1 ml volume) were mixed with 1 ml Freund's complete adjuvant and the mixture was sonicated in 0.5 min pulses until an emulsion was formed. The emulsion was injected into a rabbit at four subcutaneous sites. Ten and 15 days after the initial inoculation a similar antigen injection was prepared and injected except that Freund's incomplete adjuvant was used. Two days after the last injection the rabbit was bled.
Antibody production to soluble APase was done as described previously (Spencer et al., 1981) . Native M, determination by gel filtration chromatography. A 2 x 30 cm column containing G-200 superfine Sephadex equilibrated in buffer I with 0.2M-Mg2+ was used. M, markers were cytochrome c (13000), amylase (47000), aldolase (149000) and catalase (300000). Marker proteins (2 mg each) and 5 units of purified secreted APase were applied to the column in 0.5 ml buffer I containing 0.2 M-Mg2+. The elution of the marker proteins and the APase were determined by A z s o and by activity, respectively. Limited proteolysis. This was done by the procedure of Randall et al. (1978) . The 35S-labelled proteins to be analysed were run on 10% (w/v) SDS-polyacrylamide gels. Bands of interest were located by fluorography, cut out of dried gels, swelled in sample buffer for 30min and then inserted into the sample slot of a second SDSpolyacrylamide gel (1 5 %). Staphylococcus aureus V-8 protease (0-25 pg) was added to the 20 p1 sample buffer used to overlay the gel slice. After the tracker dye had migrated into the stacker gel, electrophoresis was stopped (40 min) to allow time for proteolysis. Electrophoresis was then continued. Gels were analysed by fluorography.
R E S U L T S
Pur$cation of the secreted APase. Fig. 1 shows the cell growth, the total enzyme production and the enzyme secreted into the medium when Co2+ (0.1 mM) was added at the onset of APase production (after 6.5 h of growth). Over 99% of the activity was in the culture medium 2.75 h 
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,60( Secretion of APase in a defined low phosphate medium to which Co2+ was added at the onset of APase production (6-5 h; between 0.1 and 0-2 units APase ml-l). Total APase ml-l was determined by assaying samples of culture (cells and medium) at the times indicated. Secreted APase was measured in the supernatant fraction of a lOOOOOg (1 h) centrifugation of the culture medium after the cells had been removed by a low speed centrifugation. Rigid adherence to the protocol gave excellent reproducibility. Maximum activity (units m1-I) was routinely between 6 and 9. The time of addition of CoClz was critical. Earlier addition resulted in a higher percentage of cell-bound APase; later addition resulted in a lower total APase activity. a, Growth; ., total enzyme activity; 0, enzyme activity secreted into the medium. after Co2+ addition. (The APase activity remained in the supernatant after a lOOOOOg centrifugation.) Medium in which the cells had grown was subjected to batch CM-Sephadex adsorption and elution, followed by CM-Sephadex chromatography with gradient elution as described in Methods. Table 1 summarizes the above purification, which resulted in a 2.24-fold purification with approximately 10% recovery of the initial activity. The specific activity of the enzyme was 21 00 units mg-l . Fig. 2 shows a Coomassie blue stained gel of concentrated medium (lanes 1 and 2) before any purification and of purified medium APase (lanes 3 and 4). The major secreted protein was APase. A minor protein band migrated faster than the APase in certain purified preparations. Antiserum was made to each band (see Methods) and either antiserum would precipitate both proteins (data not shown), indicating that the minor band was a degradation product of the APase. (Hansa et al., 1981) , and medium sample. Antibody prepared against the medium APase was used to isolate by immunoprecipitation the APase from each fraction. [The same antibody was also used to precipitate purified APase from each location (data not shown).] The immunoprecipitates were prepared and subjected to SDS-PAGE and analysed by fluorography as described previously (Spencer & Hulett, 1981) (Fig. 3) . The results in Fig. 3 show that the antibody to the medium APase can immunoprecipitate each of the other species of APase previously observed and that all have approximately the same subunit M, 60000 (Hulett & Campbell, 1971 b ; Hulett etal., 1976) . The native M, of the secreted APase was determined by gel filtration to be approximately 110000, indicating that the active species is a dimer (data not shown). added at the same time that Co2+ was added (at 6.5 h of growth). After a 1 min pulse, excess unlabelled methionine was added. Samples were taken at 2min intervals during a 22min chase. Cells were separated from the medium by centrifugation (100OOOg, 1 h) and lysed, and the soluble fraction was separated from the membrane fraction (100000g, 1 h). (b) SDS-polyacrylamide gel of the whole-cell soluble fractions; 1 to 12 correspond to 0 to 22 min after the chase was initiated. autoradiogram of the gel. The excised bands were treated with protease as described in Methods.
Fluorograms of Mg2+-extracted APase or secreted APase subjected to limited proteolysis showed no significant difference in the digestion pattern (Fig. 4) . Labelled peptides generated by limited proteolysis of either APase (peripherally membrane-associated or secreted) were similar as judged by migration on SDS-polyacrylamide gels. Hydrolysis of substrates by secreted APase. The hydrolysis of various substrates by purified secreted APase is shown in Table 2 . The APase showed high rates of hydrolysis of the nucleotide monophosphates. Lower reactivity was shown towards glycerol 2-phosphate, 3-phosphoglyceric acid and D-glUCOSe 6-phosphate. Reactivity with ATP was negligible. These results are similar to substrate specificity of the Mg2+ (Schaffel & Hulett, 1978) or detergent-extractable membrane APase (Spencer et al., 1982) .
Kinetics of disappearance of an immunologically related cytosol protein (63 000 M,.) correlated with the kinetics of appearance of APase in the medium. Cells were grown as described for Fig. 1. [35S]Methionine was added after 6.5 h growth. After 1 min the chase was initiated by the addition of unlabelled L-methionine (final concentration 20 mM) and samples were taken at 2 min intervals. The samples were fractionated and subjected to SDS-PAGE, followed by fluorography (Fig. 5) . The disappearance of the 63000M, protein in the whole-cell soluble fraction correlated with the appearance of the 60000 M, APase subunit in the secreted proteins (Fig. 5a) . The 60000 M, protein in the whole-cell soluble fraction (Fig. 5b) , which cross-reacted with the anti-APase, was released from whole cells as a soluble active APase dimer when protoplasts were made. This APase has been described previously (Glynn et al., 1977) . Further, the 63000 M , protein was localized in the cytosol of the lysed protoplasts. After protoplast formation, washed protoplasts were lysed and the cytosol fraction separated from the membrane fraction in a lOOOOOg (1 h) centrifugation. The cytosol fraction contained no APase activity. The 63 000 M, protein in Fig. 5 (b) , which cross-reacted with anti-APase, was isolated from the cytosol fraction by immunoadsorption and its M, compared with that of the secreted APase (Fig.  6 ). The centre lane (Fig. 6(b) , which contained purified secreted APase and the immunoprecipitated protein, showed two distinct bands, one which co-migrated with the secreted APase (Fig. 6a and A) and a larger band which co-migrated with the immunoprecipitated cytosol protein ( Fig. 6c and C) . Thus, the 63000 M, protein, which was chased from the whole-cell soluble fraction as the secreted APase appeared in the medium, is an inactive cytosol protein, 3000 Da heavier than, but antigenically similar to, the secreted APase.
DISCUSSION
APase was the major secreted protein from B. licheniformis MC14 grown under the culture conditions described here. The data show that this APase is similar to the cell-bound APase(s) purified and characterized previously (Glynn et al., 1977; Hansa et al., 1981 ; Hulett & Campbell, 1971 a, b; Hulett et al., 1976; Schaffel & Hulett, 1978) . No differences were observed in dimeric structure or subunit size, antigenicity or substrate specificity. Limited proteolysis patterns of the secreted APase and the Mg2+-extractable membrane APase showed no discernible differences. However, the specific activity of the purified secreted enzyme was approximately 10 times higher than that of any of the purified cell-bound species (Hansa et , 1982) . This observation may not be the result of inherent differences in the enzymes according to their location, but rather because the short, three-step purification for the secreted APase was more gentle than those for the cell-bound APase species such that the activity loss associated with denaturation was greatly reduced.
During the time the APase was being actively secreted an inactive antigenically related protein could be isolated from the cytosol. The kinetics of disappearance of this 63000 M, protein from the cytosol correlated with the appearance of the secreted APase in the medium, suggesting that it may be a precursor to the secreted APase. Such a precursor would be a clear example of post-translational translocation. Examples of in vivo post-translational translocation have been described in E. coli by workers in the laboratories of Randall (Randall, 1983 ; Randall & Hardy, 1984) and Wickner (Date & Wickner, 1981 ; Ito et al., 1979 Ito et al., , 1980 . More recently, in vitro translation--translocation systems have been developed which show that a number of E. coli
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proteins previously considered to be secreted co-translationally can be translocated posttranslationally in vitro (Muller & Blobel, 1984a, 6; Chen et al., 1985) . The involvement (if any) of the membrane-associated APase species in this Bacillus APase secretion process is not clear because we have shown there are at least two structural genes for APase in this strain, which make similar protein products and code for 60000 M, proteins which are antigenically similar . When strains are constructed that retain only the APase gene which codes for the secreted APase, it will be possible to determine if either of the membrane species is involved as an intermediate in the secretion process.
Our working hypothesis envisions that the unique distribution of APase in B. lichenformis (membrane-associated on the inner and outer leaflet of the cytoplasmic membrane and secreted) is the result of multiple structural genes, which differ significantly in regulation and in the sequences important for localization of the protein gene product but to a lesser extent in sequences responsible for the primary structure of the mature protein gene product.
